237 Np, 233,235,238 U, 232 Th, and nat Pb following the absorption of photons with energies from 68 MeV to 3.77 GeV using the RELDIS Monte Carlo code. This code implements the cascade-evaporation-fission model of intermediate-energy photonuclear reactions. It includes multiparticle production in photoreactions on intranuclear nucleons, pre-equilibrium emission, and the statistical decay of excited residual nuclei via competition of evaporation, fission, and multifragmentation processes. The calculations show that in the GeV energy region the fission process is not solely responsible for the entire total photoabsorption cross-section, even for the actinides. The fission probabilities are 80-95% for 233 U, 235 U, and 237 Np, 70-80% for 238 U, and only 55-70% for 232 Th. This is because certain residual nuclei that are created by deep photospallation at GeV photon energies have relatively low fission probabilities. The results of those model calculations are in reasonable agreement (at the ∼ 10% level) with recent experimental data on relative photofission cross-sections for 237 Np and 233,235,238 U (but not for 232 Th or nat Pb) from the Saskatchewan and Jefferson Laboratories over a very wide range in photon energy. Using our calculated fission probabilities plus the total photoabsorption cross-sections per nucleon, estimated from previous cross-section data for nuclei from C to Pb, we can infer absolute photofission cross-sections for the actinide nuclei and compare them with the SAL and JLab results. The resulting discrepancies, however, clearly demonstrate the need for direct measurement of the total photoabsorption cross-sections for the heavy actinides.
Introduction

Relevant framework
Recently, high-precision experimental data have been obtained for the photofission of actinide and preactinide nuclei at the Saskatchewan Accelerator Laboratory (SAL) and Jefferson Laboratory (JLab) [1] [2] [3] [4] . These data constitute both a challenge and an opportunity: a challenge to theory to reproduce them, and an opportunity to use them to determine the total photoabsorption cross-sections for these nuclei. Insofar as one can do this to sufficent accuracy, one can throw light on the concept of a "Universal Curve" for the photoabsorption cross-section per nucleon for all nuclei [5] .
At this time, the only theory capable of reproducing these data is an extension of the widely known Intranuclear-Cascade (INC) model [6] to GeV photoninduced reactions [7] , including subsequent evaporation and fission. Three decades ago, the INC model was successful in describing experimental data obtained with bremsstrahlung photons [8] . Later, the hybrid precompound-evaporation model approach of ref.
[9] was successful in describing multiple photoneutron reactions below the pion production threshold.
A related subject is the electromagnetic dissociation of relativistic heavy ions, where virtual photons are used to initiate photonuclear reactions [10, 11] . Recently, the INC
70
The European Physical Journal A model [7] has been applied to the electromagnetic dissociation of ultrarelativistic heavy ions [12] [13] [14] [15] . In such reactions, nuclei are disintegrated by virtual photons over the wide energy range from a few MeV to a few tens of GeV. A Monte Carlo code called RELDIS (Relativistic ELectromagnetic DISsociation) was devised to perform calculations for real and virtual photons across this wide energy range.
We now use the RELDIS code to describe the recent photofission data [1] [2] [3] [4] . This paper reports our results and their potential implications. The description of the RELDIS model of photonuclear reactions is given in sect. 2. Calculational results for nuclear-fission probabilities and absolute photofission cross-sections (assuming the "Universal Curve" for the photoabsorption cross-section per bound nucleon) are presented in sect. 3. We summarize our findings in sect. 4.
Experimental background
As first pointed out by Bohr and Wheeler [16] and echoed by Aage Bohr [17] , the relative simplicity and directness of the electromagnetic interaction is very useful in the exploration of the process of nuclear fission. At the first stage of a photonuclear reaction, the absorption of a photon on a pair of intranuclear nucleons brings in only thermal energy and produces fewer changes in the structure of the target nucleus than, for example, reactions induced by protons or antiprotons. In the latter cases, the antiproton annihilation removes an intranuclear nucleon, or, respectively, the projectile nucleon can be trapped by the nuclear potential. Therefore, one can expect that following photoabsorption at low energies, most of the fissioning nuclides are similar to the target nucleus. This makes photofission studies much more transparent.
Over the years, photon-induced fission has attracted attention, and considerable progress has been made in experimental photofission studies. In the Giant Dipole Resonance (GDR) region, experiments at Livermore [18] [19] [20] and elsewhere delineated the giant-resonance parameters with high accuracy for eight actinide isotopes ( 232 Th, 237 Np, 239 Pu, and the five long-lived uranium isotopes). At these low energies (from threshold to about 20 MeV), photofission reveals its simplicity, and the total photoabsorption cross-section equals the sum of the single-and double-photoneutron cross-sections plus the photofission cross-section, since the high Coulomb barrier greatly inhibits the emission of charged particles.
In the quasideuteron and ∆ (1232) + e − -pair production accompanied by fission was considered in refs. [28, 27] as an additional photon-induced fission channel, but its contribution was found to be insufficient to explain the excess of the 237 Np photofission cross-section over the "Universal Curve."
The recent precise data from SAL [1, 2] agree well with the earlier data across the upper part of the quasideuteron region (about 60 MeV to the photopion threshold) and the lower part of the ∆(1232) region (up to about 250 MeV). The recent data from JLab [3, 4] extend our knowledge of the photofission cross-sections for 237 Np, 233,235,238 U, 232 Th, and nat Pb across the ∆(1232) region and through the higher-resonance region (from 0.20 to 3.77 GeV). In particular, this gives us the opportunity to investigate the relationship between the 237 Np and 238 U photofission cross-sections and the "Universal Curve" over a much wider photon energy range than was possible heretofore [26, 27] . In this energy domain, photonuclear reactions seem to be more complicated. New advanced theoretical models must be employed to account for the greater number of reaction channels that are open during the first step of the reaction due to meson photoproduction on the intranuclear nucleons. Also, the understanding of the role of nuclear fission among the many other decay modes of the excited nucleus requires a well-founded theoretical model to describe such decay.
Theoretical approaches to describe photofission
One of the first calculations using the IntranuclearCascade (INC) model that includes photon absorption at intermediate energies was that of ref. [8] . This calculation takes into account the channels of the γN interaction with production of only one or two pions, and thus can be applied at photon energies only up to 1 GeV. It was tested with old experimental data obtained with bremsstrahlung photons. Later, the model was successfully applied to early photofission studies [29] [30] [31] .
INC model predictions [8, 30] for the first preequilibrium stage of the photofission reaction were also used in fission probability calculations for 232 Th and 238 U nuclei by introducing the mean-compound-nucleus approximation [32] . According to this method, the ensemble of excited residual nuclei created after the first step of a photonuclear reaction is replaced by a single excited nucleus with the average values of neutrons N , protons Z, and excitation energy E . In order to explain the data on thorium, one needs to account for its higher nuclear transparency relative to uranium [32] . Such a difference for nuclear systems of comparable mass was attributed to subtle details of the nuclear structure of 232 Th and 238 U. The nature and origin of such differences still need to be
